Abstract. The high-pressure structural chemistry of main group elements in the metallic state is reviewed under consideration of more recent determinations of atomic arrangements with to some extend unexpected complexity. Following the concept of the pressure-coordination rule, the number of nearest neighbours is employed as a guiding quantity to reveal systematic trends. Violations of the rule will be mainly discussed in the light of electronic ground state changes upon compression.
Introduction
Pressure is one of the fundamental state variables which can be varied in order to explore the stability ranges of crystal structure types, one of the most absorbing problems of solid state chemistry and physics. Pressure-induced volume reductions induce both steady and discontinuous changes of atomic arrangements which can help to gain knowledge about the relevant factors governing the organisation of atomic patterns.
Although the number of pressure-induced structural phase transitions observed in early investigations was comparatively small, the data basis provided sufficient material to initiate the formulation of empirical regularities by the researchers Wentorf, Kleber and Neuhaus. The first socalled pressure-coordination rule states that high pressures induce phase transitions into crystal structures which are characterized by an increased coordination number (CN). The problems associated with the use of this local measure in a three-dimensionally infinite arrangement are manifold [1, 2] , but here the attractive straightforwardness of the concept is taken as a justification for its appropriateness. A well known example of a pressure-induced polymorphic transition in an element is the transformation of the carbon allotrope graphite (CN 3) into the diamond modification (CN 4) which can be easily retained as a metastable phase at ambient conditions. Since the group 14 element silicon adopts a diamond-type crystal structure as the stable modification at ambient conditions, the example carbon illustrates a second rule, the so-called corresponding state principle, saying that at high pressures atomic arrangements are formed which correspond to those of heavier group homologues at low pressures. A comparison of the interatomic distances d(C-C) in the carbon modifications graphite (142.10 pm) and diamond (154.45 pm) typifies the pressure-distance paradox: Although high-pressure phases are normally more dense (in case of carbon the atomic volume decreases by 35% at the graphite-diamond transition) the interatomic distances elongate due to the increase of the coordination number which -in the given example -simply corresponds to the number of covalently bonded neighbours.
The results of experiments performed with the aim to complete our knowledge of phase diagrams of the elements were collected and summarized systematically 1990 in form of a book [3] . Shortly after the completion of this compilation, the enhancement of brilliance which is associated with the availability of synchrotron X-ray sources, especially those of the third generation, for crystallographic high-pressure investigations started to fundamentally extend the accessible pressure range for reliable diffraction data. Moreover, the enhanced resolution due to the low-divergence of the radiation triggered an enormous progress in the exploration of high-density modifications with low symmetry and medium-sized to large unit cells. Additionally, the use of the imaging plate as a very sensitive and quite inexpensive two-dimensional detector [4, 5] resulted in a substantial expansion of working knowledge of the pressure-dependent structural features of elements and mostly binary compounds since the early 1990s.
Parallel to this experimental break-through, the increase of computer power and the development of highly efficient algorithms especially in density functional theory lead to a similar improvement of theoretical methods. The advancement motivated a number of quantum mechanical investigations concerning the stability of element modifications and atomic arrangements of compounds at reduced volumes which significantly deepened our knowledge of electronic changes upon compression of solids.
The focus of this overview will be concentrated on high-pressure crystal structures. However, selected results gained by theoretical methods will be discussed in order to highlight some of the underlying electronic effects driving structural phase transitions at high pressures. The elements will be grouped according to the Periodic table of the elements, and the focus will be on novel low-symmetry atomic patterns. Nevertheless, the well-known simpler atomic patterns will be considered in order to assure the structural context of the more recent findings.
Alkali metals
The elements of the first group of the periodic table are characterized by a pronounced compressibility, e.g., the volume changes of the lightest metals lithium or sodium ( Fig. 1) at a moderately high pressure of approximately 30 GPa amount to À50%. Without structural change, a compression to half of the value of the volume at ambient conditions V 0 corresponds to a reduction of interatomic distances by roughly 20%. The pronounced volume decrease and the dramatic shortening of interatomic distances cause fundamental changes of the electron configuration of these metals. At ambient conditions the electrons have mainly s-type character. For the lightest alkali metal lithium, pronounced volume reduction is associated with an increasing population of p-states [6] . These orbitals mix with the radial-symmetric s-functions to form hybrids which show a tendency to form bonds with an increased directional character. The heavier metals potassium, rubidium and caesium feature low-lying d-states which become populated at elevated pressures [7] . Consequently, a number of high-pressure modifications of the alkali and alkaline-earth elements reveal bonding properties with contributions of directed bonds. This situation is fundamentally different to the --at least in good approximation --free-electron gas behaviour of electrons in the metals at ambient conditions. This change of bonding properties is associated with the formation of allotropes with a smaller number of nearest neighbours, with the result that the phases in these sequences violate the pressure-coordination rule systematically.
The lightest alkali metal lithium undergoes a transition from bcc with a so-called 'effective coordination number' of %10 [1] to an fcc arrangement (CN 12) at 7.5 GPa. At pressures above 20 GPa, Li attacks the diamonds routinely used in high-pressure experiments [8] with the consequence that for some time investigations aiming to reach higher pressures did not succeed due to failure of the pressure cell anvils. The solution of this problem was to work in a cryostat at a temperature not exceeding 200 K in order to slow down atomic diffusion. With this procedure it was possible to realize higher pressures and new lines in the powder diffraction pattern indicate two hitherto unknown phases at a pressure around 40 GPa [6] . The rhombohedral modification Li-III crystallizes in a structure which is similar to the atomic arrangement of mercury at ambient pressure and corresponds to a 6+6 coordination of the metal atoms. The arrangement can be described as an fcc structure which is compressed along one of the body diagonals [6] causing an increase of the rhombohedral angle from 60 for fcc to roughly 63 . The diffraction lines of this allotrope weaken in direction of increasing pressures while the second set gains intensity. In the succeeding cubic phase Li-IV the metal atoms adopt CN 11 [6] . However, if only the shortest Li-Li distances are taken into account, the structural organisation can be described purely topologically as two intersection-free interpenetrating networks of threefold coordinated lithium atoms (Fig. 2) . These 3D-frameworks occupy different subspaces which are separated by a minimal surface. Thus, the atomic organization can be described in analogy to Nb 6 F 15 as a 'curved non-Euclidean layer structure' [9] . The electronic features of this lithium phase are characterized by a multicentre bonding situation with a particularly large p-orbital component [6] .
For the heavier homologue sodium, the bcc to fcc transition starts at a pressure as high as 65 GPa and powder patterns indicate pure fcc not below 66.9 GPa [10] . The fcc modification remains stable up to 103 GPa which corresponds to the highest pressure covered in the reported Fig. 1 . Idealized pressure-volume relations of typical main group metals. The continuous curves for aluminium and sodium indicate stability of the ambient pressure modification up to 50 GPa. Silicon undergoes a structural change from a low-pressure semiconducting diamond-type modification to a metallic high-pressure b-tin-type phase at pressures around 10 GPa. Upon further pressure-increase a series of structural phase transitions is observed. Each change of the atomic arrangement shows in a discontinuous volume change. experiments. For potassium the bcc to fcc transition has been determined to occur at a pressure of 11.6 GPa. At pressures above 20 GPa the stability range of a phase with a hitherto unknown structure begins. The atomic arrangement bears some structural similarity to that of Rb-IV as evidenced by earlier X-ray diffraction data [11] .
Rubidium undergoes the typical bcc to fcc transition at the still lower pressure of 7 GPa [12] . Single crystals of the succeeding orthorhombic phase Rb-III have been grown in a DAC and the atomic arrangement was solved by single crystal diffraction data [13] . The structure comprises a sequence of six different corrugated layers with rubidium atoms realizing coordination numbers between 8 and 11 and 52 atoms in the unit cell. In four of the six nets, the rubidium is surrounded by five metal atoms of the same two-dimensional building unit. The structural motif of these characteristically arranged layers corresponds to the atomic pattern within the aluminium nets of the intermetallic phase CuAl 2 . In total, the number of next neighbours is reduced with respect to the preceding fcc arrangement. This lowering of the coordination number is attributed to the onset of the pressure-induced s-d transition, i.e., the compression induces an increase of the d-orbital population with a corresponding depletion of s-states. This electronic reorganisation results in a formation of a phase with increased directional bonding and consequently lower coordination number of the metal atoms.
A rather complex atomic pattern is also exhibited by the high-pressure phase Rb-IV [14] . The tetragonal framework structure is formed by square antiprisms forming columns oriented along (001) by sharing basal faces (Fig. 3) . The resulting channels are filled by a second type of rubidium atoms which are disordered at low pressures. The atomic arrangement bears a close structural resemblance to the partial structure of tungsten atoms in the intermetallic phase W 5 Si 3 [14] . At slightly higher pressures, additional reflections appear which are not accounted for by the disordered description. These peaks indicate a condensation of the guest atoms into an arrangement which is incommensurate with respect to the host substructure in direction of the c-axis [15] . The ratio of the c-axes c h /c g varies with pressure and is close to the rational value 5 = 3 . Refinements of atomic positions using the pseudo two-phase technique reveal parameters for the host assembly which are very similar to those of the first determination. The guest atoms form a tetragonal body centred arrangement [15] .
Around 19 GPa, tetragonal Rb-V is formed which is isotypic to Cs-IV [16] and which is characterized by the still lower coordination number 8 for the metal atoms. At pressures around 46 GPa, the appearance of new lines in the diffraction diagram indicates the onset of another structural phase transition [11] . A pure sample of this high-pressure modification Rb-VI can be obtained by annealing the pressurized metal at approximately 50 GPa and 393 K for 12 h [17] . The resulting orthorhombic crystal structure is isotypic to Cs-V with similar positional parameters and a pseudotetragonal unit cell (b % c) which is typical for this structure type. The five-fold surrounding within the two-dimensional building units of Rb-VI is equivalent to the enviroment within most atomic nets in Rb-III and results in coordination numbers of 10 and 11 for the two types of crystallographically different rubidium atoms. For an alternative description of the atomic arrangement see below the characterization of the isotypic phase Cs-V.
In the heaviest non-radioactive alkali metal, caesium, the bcc to fcc transformation takes place at a pressure as low as 2.25 GPa [18] . Already at 4.2 GPa, there is another structural transformation into the phase Cs-III first reported to adopt an fcc arrangement [18] . This finding could not be confirmed in a later investigation [19] . Taking advantage of the earlier reported observation that the high pressure phases of caesium re-crystallize readily at ambient temperature, single crystals of this high-pressure phase which are suitable for a structure determination were grown in diamond anvil cells [20] . The recent work reports the results of a single crystal structure determination which revealed a rather complex orthorhombic atomic arrangement with 84 atoms in the unit cell which shows pronounced similarities to the organisation of Rb-III. The basic feature of the atomic pattern is a unit cell containing a total of ten corrugated layers with caesium atoms realising coordination numbers between eight and eleven [20] . According to this, also in Cs-III the number of next neighbours is lowered with respect to the preceding phase thus indicating the beginning of the pressure-induced s-d transition of the valence electrons which is characteristic for the heavy alkali metals.
Further compression of caesium metal to 4.3 GPa induces the formation of yet another modification [21] . In Cs-IV, the caesium atoms occupy the thorium positions of the binary phase ThSi 2 [22] . The resulting coordination for the Cs metal atoms (Fig. 4 ) is reduced down to eight which represents the minimum so far observed for this element and the lighter homologue rubidium in the solid state.
At a pressure of 11 GPa, the onset of the next structural transformation is observed which is finalized at 12 GPa; 378 U. Schwarz Fig. 3 . Tetragonal crystal structure of Rb-IV in a projection along the c-axis. One type of host atoms forms a framework with the other type occupying the resulting channels. These guest atoms are either disordered at low-pressure or condense upon pressure-increase into a partial structure which is incommensurate with respect to the host along the c-axis. The arrangement is similar to the tungsten partial structure in W 5 Si 3 .
the emerging orthorhombic phase was the first example of this new structure type which was successfully determined and refined [19] . The axial ratio and the positional parameters correspond remarkably well to those of the alkali metal partial structure of KLiO, a mixed alkali metal oxide crystallizing in the same space group. Thus, the relationship between the atomic organisations of the ternary compound and the elemental hp-modification of Cs-V is analogous to those cases where cationic partial structures of oxides adopt structural patterns of intermetallic compounds [23] .
In Cs--V, the metal atoms adopt rather unusual coordination numbers of 10 and 11, respectively. A subsequent investigation of the bonding properties by self-consistent density-functional linear muffin-tin orbital calculations of the electronic structure revealed a charge distribution which can be interpreted as a multi-center d-electron bonding [24] . Consequently, the formation of this atomic pattern can be interpreted as a pressure-induced cluster formation in an elemental solid. In the light of this bonding analysis it is certainly appropriate to derive the atomic pattern from an arrangement of vertex-sharing octahedra ( Fig. 5) where half of the octahedra are tilted in such a way that the number of next-neighbours in every second plane increases from four to five [19] . The low-symmetry phase with the unusual coordination is remarkably stable and only transforms above 70 GPa [25] into a densely packed modification with a so-called dhcp arrangement of atoms [26] ).
Inspection of the transition pressures of the bcc-fcc transformation reveal an increase from Li to Na which is attributed to an increasing p-character reordering of the conduction band states of lithium upon compression. The heavy alkali metals K, Rb and Cs which exhibit pressureinduced s-d transitions show generally much lower transition pressures with an additional systematic decrease in direction of increasing atomic weight.
The alkaline-earth metals (strontium and barium)
For sake of comparison, we present new results on strontium and barium after a very brief review of the highpressure behaviour of the lighter alkaline-earth metals. Beryllium with a distorted hcp atomic arrangement (6 þ 6 coordination) at ambient conditions is reported to show a structural distortion in the pressure range from 8.6 up to 14.5 GPa [27] while in an independent investigation the hexagonal modification is reported to be stable up to 66 GPa [28] . The c/a ratio of 1.568 deviates strongly from that of an ideal hcp arrangement (1.633) and remains almost constant upon pressure increase, a behaviour which is in sharp contrast to the findings for the heavier homologue barium. Mg which also crystallizes in an hcp structure (CN 12) at ambient conditions undergoes a pressure-driven transformation into bcc at ca. 50 GPa [29] .
The ambient-pressure fcc phase of calcium (CN 12) transforms at 19.5 GPa to a bcc allotrope [30] . The atomic patterns arising from a further structural change at 32 GPa has been assigned to a primitive cubic configuration with the remarkably low CN 6. The stability of this atomic arrangement which is rather unusual for elements in general and for a metal in particular has been attributed to s-d valence band hybridisation [31] . At 42 GPa, weak diffraction lines indicate the emergence of a modification with an as yet unsolved crystal structure.
Similar to calcium and in contrast to the light alkalineearth metals Li and Mg, the heavier homologue strontium shows a rich structural variety upon application of pressure [30] . The ambient pressure fcc phase transforms already at the low pressure of 3.5 GPa into a bcc arrangement which remains stable up to 24 GPa where strontium shows another structural change [32] . The atoms of this so-called Sr-III phase are arranged in the same way as in b-tin (Fig. 4) with a similar axial ratio as the corresponding modifications of Si, Ge or Sn but the diffraction diagrams are obscured by the presence of an hitherto uniden- The last structure can be described as comprising columns of trigonal prisms which are arranged in an alternating way along the a-and the b-axis, respectively, and CN 8 for the metal atoms. Please notice the coordination changes associated with the alteration of the axial ratio. Fig. 5 . Crystal structure of the orthorhombic high-pressure allotrope Cs-V with CN 10 and CN 11 for the two crystallographically different atom types in a projection along the a-axis. The structure comprises layers of tilted and empty octahedra with these two-dimensional building units forming a stacking sequence ABA . . . along the a-axis.
tified contaminant phase [32] . The 4 þ 2 coordination of this alkaline-earth metal represents the absolute minimum for this element of the second main group. The subsequent modification forming at 35 GPa has a very complex structure which has until now withstood all attempts for solution.
Further compression to pressures higher than 46 GPa induces the formation of another allotrope with a complex structural organisation (Fig. 6 ). This incommensurate arrangement of host and guest atoms was solved and refined successfully from X-ray powder diffraction data by the pseudo two-phase technique [33] . Similar to Rb-IV, the crystal structure comprises two types of atoms with one sort forming a framework and the other species occupying the resulting channels. The arrangement of the host is in accordance with space group I4/mcm whereas the guests adopt a tetragonal C-centred unit cell. The a-and b-axes of both unit cells are identical within the limits of error, but the ratio c h /c g is irrational and equals 1.404 at 56 GPa. Within the host, each atom is coordinated by six other host atoms plus a varying number of contacts to the guest atoms. The coordination within the host increases to seven when the contact along the diagonal of the columns (see dotted line) are additionally considered [33] .
For barium, a different phase sequence is observed experimentally [34] . At 5.5 GPa, the bcc ambient pressure phase transforms into a hcp arrangement with a remarkable pressure dependence of the axial ratio. The dramatic decrease of c/a from 1.5757(1) at 5.9(1) GPa to 1.4984(1) at 11.4(1) GPa is attributed to an s-d transition proceeding at rather low-pressures analogue to the successive variation taking place in the heavy alkali metals [35] . At 12.4 GPa barium undergoes a change towards an incommensurate atomic arrangement similar to that of Sr-V [36] . However, although the hosts of the barium and strontium modification are strictly isotypic, a total number of three different kinds of unit cells for the guest species have been established for the heaviest non-radioactive alkaline-earth metal. The average coordination number of host and guest atoms corresponds to 9 and 10, respectively [37] .
Finally, at 48(1) GPa barium re-enters the stability range of an hcp arrangement [34] . Interestingly, the c/a ratio of this phase remains very close to the ideal value between 48(1) GPa and 90(4) GPa which contrasts sharply the lowpressure hcp modification with a substantially lower and additionally strongly pressure-dependent axial ratio.
Metals of group 13 (triels)
Aluminium with its ambient pressure fcc arrangement shows no pressure-induced structural changes up to 220 GPa [38] .
The unique arrangement of a-gallium (1 þ 6 coordination and an effective CN between %5 [1] and %6 [2] ) is the stable modification at ambient pressure. The electronic structure of the metal is characterized by the formation of strongly bonded covalent Ga 2 -dumbbells oriented along [010] which mutually interact within corrugated layers (010). This situation has been interpreted (i) as a molecular metal [39] , (ii) as a structure closely related to a-boron which is built-up by edge-sharing open icosahedral fragments where the short Ga--Ga contacts represent the terminal bonds [40] , and (iii) as a 3D network of terminally interconnected 2D building units with an optimal electron count of three by extending the building principle of terminally coordinated deltahedral clusters to two dimensions [41] . The ELF [42] diagram (Fig. 7) confirms a pronounced maximum for the short bond and significantly weaker, less localized covalent interactions within the corrugated layers [43] . The phase Ga-I melts upon increase of pressure and freezes out into the metalstable In-type Ga-III at P % 2 GPa. Upon cooling this allotrope, the stable modification Ga-II is formed which crystallizes in a complex orthorhombic arrangement similar to Cs-III and Rb-III with 104 atoms per unit cell [44] .
The element transforms between 15.2 GPa and 19.8 GPa into the tetragonal body centred pattern of Inlike Ga-III adopting a c/a $ 1.57 at pressures around 20 GPa [45] . The lattice distortion (4 þ 8 coordination) leads to an increased sp-mixing (hybridization) of the valence orbitals in comparison to the aristotype fcc arrangement [46] . Upon further increase of pressure, the axial ratio decreases almost linearly until c/a equals ffiffi ffi 2 p at 120 GPa which corresponds to a transition from the indium-type crystal structure to fcc [47] .
For indium, the ambient pressure crystal structure stays stable up to 56 GPa with the c/a ratio increasing from 1.521 at 0.3 GPa to a broad maximum of about 1.54 around 24 GPa [48] . At pressures above 56 GPa, indium is reported to undergo an orthorhombic distortion [49] .
The heavier homologue thallium transforms from hcp to fcc already at 4 GPa [50] . This remains the stable arrangement up to 68 GPa [45] .
Silicon and germanium (tetrels)
Silicon shows the first transition from a diamond-type semiconductor (CN 4) to the metallic phase Si-II with btin structure (4 þ 2 coordination) at 10.3 GPa. Upon further compression, silicon adopts an orthorhombic phase with an intermediate crystal structure [51] representing the missing link (Fig. 8) between a b-tin and a primitive hexagonal pattern of atoms with a 4 þ 4 coordination of silicon [52, 53] . The hp phase is the stable arrangement of Si-V (CN 8) at pressures above 16 GPa. Around 40 GPa, silicon transforms into the orthorhombic arrangement of Si-VI (CN 10 and CN 11) which is isotypic to Cs-V [54] . The atomic arrangement (Fig. 9) can be described as a sequence of four different layers stacked along (100) comprising corrugated 4 4 nets as well as plane two-dimensional building units with an unusual surrounding of each atom characteristic for this structure type. The distortion increases the number of next neighbours from four in a regular 4 4 net to five in these 3 2 424 nets. As a consequence of the tilting, a formation of Si 2 dumbbells is observed which is confirmed by analyses of the chemical bonding [24, 55] . Within the corrugated 4 4 nets, silicon forms four covalent bonds directed to the neighbouring atoms. Theoretical investigations confirm that the pattern is the most stable arrangement at that pressure [55] with the chemical bonding being of a covalent sp-type [24, 55] .
Above 42 GPa, silicon transforms to hcp Si-VII which is followed by an fcc phase Si-VIII above 78 GPa [56] . Upon decompression, a metastable phase of so-called BC8 silicon (often also named g-silicon) is formed which is characterized by a distorted tetrahedral coordination (Fig. 10) of the group 14 atoms [57] . Pressurizing this modification produces Si-XII which also comprises fourbonded silicon [58] .
The phase sequence in germanium is to a large extend identical to that of silicon. However, while the diamond to b-tin transition occurs in germanium at almost the same pressure (10.6 GPa) as in the lighter homologue, the change into the orthorhombic Imma phase (Fig. 8) pro- 9 . Crystal structure of Si-VI which is strictly isotypic to the atomic pattern adopted by Cs-V. The selected representation as two atomic nets, corrugated 4 4 and plane 3 2 424, reveals the formation of short Si-Si distances in the rhombus. This leads to a formation of Si 2 -dumbbells as is confirmed in studies of the chemical bonding. Fig. 10 . Crystal structure of the metastable BC8 modification of silicon. The tetrahedral network of g-Si results from two interpenetrating 3-connected nets, interconnected by a set of short bonds oriented parallel to the 3-fold axes of space group Ia 3 3d. The gyroide separates the two nets (blue þ red) from each other, while the fourth bond (yellow) passes through it. A single labyrinth is thus the Wirkungsbereich of the 3-connected net.
ceeds not until 75 GPa [59] . Around 80 GPa, a hexagonal primitive arrangement forms and at 99 GPa, weak additional reflections indicate the onset of a structural transition into the orthorhombic Cmca structure isotypic to the corresponding silicon phase, so-called Si-VI, as well as Cs-V and Rb-VI [60, 61] . At 114 GPa, the phase is pure and remains stable up to 160 GPa. X-ray powder diffraction patterns recorded at 180 GPa indicate that the element has transformed into an hcp arrangement [60, 61] . Upon rapid decompression from the b-tin type arrangement at 14 GPa to ambient pressure, germanium forms additionally to the structurally characterized metastable ST12 modification [57] a second phase which is isotypic to BC8 silicon [62] .
Tin shows a pronouncedly smaller number of pressureinduced structural reorganisations compared to the lighter homologues silicon and germanium. The characteristic btin phase transforms at 45 GPa into a bcc arrangement which is stable up to 120 GPa [63] .
The fcc arrangement of lead which is stabilized relative to potentially competing atomic patterns by relativistic effects [64] transforms at a pressure of 13 GPa into hcp [65] . At 164 GPa a bcc phase becomes stable up to 208 GPa which is currently the upper limit of reported investigations [66] .
Antimony and bismuth (pentels)
Although the structural chemistry of phosphorus is known slightly longer than the time span which is in the focus of the present contribution, the essential findings will be briefly summarized. Black phosphorus with three covalent bonds per atom within the puckered layers plus two additional interlayer contacts is reported to become metallic at 1.7 GPa without undergoing a change of crystal structure [67] . At 4.2 GPa, a semiconducting phase with an arsenictype structure (3 þ 3 coordination) is formed which transforms to a primitive cubic arrangement (CN 6) with metallic properties at 10.2 GPa [68] . At 103 GPa, this modification transforms into an interjacent allotrope of as-yet unknown organisation which is followed at P > 137 GPa [69] by a hexagonal primitive pattern (CN 8) finally undergoing a change towards bcc (CN 8) at 262 GPa [70] . The unique structural sequence of phosphorus in comparison to the heavier pnicogens was recently attributed to the stronger tendency of the light element to undergo s-d transition associated with a subsequent hybridization at elevated pressures [71] .
Semiconducting arsenic undergoes a discontinuous transformation from rhombohedral to a primitive cubic phase with metallic properties at 25 GPa [72] . The transition is preceded by an induction period (Fig. 11) where c/a approaches in a sub-linear fashion an axial ratio of ffiffi ffi 6 p which corresponds to a metric which is compatible with primitive cubic symmetry. At the phase transition, a final discontinuous change of c/a is observed. The structural alteration is interpreted as a pressure-induced transformation of a Peierls-distorted semiconductor into an elemental metal due to a band-broadening caused by the enhanced overlap of the sp-orbitals originating from the reduction of interatomic distances due to compression [72] . In the regime of very high pressures around 48 GPa, a structural transition into a new phase has been reported for arsenic [73] . The crystal structure is incommesurate and bears close structural similarity to that of Sb-II and the modulated Bi-II modification [74] . Further compression leads to bcc arsenic at pressures above approximately 100 GPa [73] .
Antimony shows an approach from the rhombohedral arsenic-like phase towards primitive cubic symmetry with regards to positional parameters and c/a ratio within the stability range of the low-pressure phase [75, 76] which is similar to the high-pressure behaviour of the lighter group 15 element arsenic. In case of antimony it was shown that the metrical changes are accompanied by an alteration of the atomic positions 6c (0, 0, z) in the hexagonal setting of the unit cell from z ¼ 0.2335(3) at ambient pressure [77] to z ¼ 0.2410(2) at 7.7 GPa [75] . This increase corresponds to an approach of the atomic position towards a primitive cubic arrangement which would require z ¼ 0.25 plus a metric of c/a ¼ ffiffi ffi 6 p . The element Sb starts to transform from the rhombohedral low-pressure phase into a modification with a complex atomic arrangement at 8.2 GPa. The stability range of this allotrope starts just below that of a hypothetical simple cubic phase as evidenced by theoretical methods [78] . The transition is complete around 12 GPa and in contrast to earlier reports [79] the atomic arrangement has been shown to comprise two incommensurate partial structures [74] which are additionally modulated [78] . The determination of the rather unusual structure by means of powder diffraction data using a four-dimensional model will be described below in some detail.
After application of the four-index procedure for hostguest assemblies, analysis of X-ray powder diffraction data of Sb-II revealed systematic absences which are compatible with three four-dimensional superspace groups. For two of these first order modulation waves of the Sb g positions are not compatible with symmetry. Thus, a complete modelling of the diffraction pattern including main reflections 382 U. Schwarz . In order to calculate the intensities of the satellite reflections, the modulation functions of the Sb h and Sb g positions were composed by a generator of Fourier series for the symmetry-allowed components. The crystal structure refinements were performed with highly-resolved X-ray powder diffraction synchrotron data using a full-profile technique. They revealed that the atomic arrangement comprises columns of condensed square antiprisms of Sb h with Sb g occupying the resulting channels. The structural pattern of host and guest atoms (Fig. 12) is commensurate in the ab-plane whereas the arrangement is incommensurate along the c-axes. Each framework atom is coordinated by six other host species (seven if a slightly longer distance is also taken into account, see Sr-V) plus two guests. The atoms within the channels are surrounded by two other guest atoms plus -varying with the position with respect to the host -four or eight framework members resulting in a number of neighbours varying between six and ten. More recent single-crystal data indicate a pairing of the guest atoms which is even more pronounced [44] . This experimental finding is in excellent agreement with the results of a computational investigation of the bonding properties of Bi and Sb where for the fully relaxed structure a pair-formation is evidenced [80] . Finally, at pressures above 28 GPa, antimony forms a cubic body centred modification [81] .
The heavier homologue Bismuth undergoes essentially the same phase sequence as antimony with generally lower transition pressures. The low-pressure modification with an arsenic-type structure transforms at 2.5 GPa to the strongly distorted variant of a primitive cubic structure labelled as Bi-II [82] . Already at the slightly higher pressure of 2.8 GPa there is a structural reorganisation into the phase Bi-III which is -in contrast to the findings of earlier investigations [83] [84] [85] -characterized by an incommensurate crystal structure [74] with CN close to 9 [80] . The arrangement is very similar to that found for highpressure allotropes of the alkaline-earth metals strontium and barium or that of the lighter homologue antimony. As for Sb, recent single crystal X-ray diffraction data indicate additional modulations of both host and framework atoms which leads to a quasi-pairing of the guest species [44] and this formation of pairs was confirmed independently by ab-initio density functional calculations [80] . Upon further compression, Bi-V with a cubic body centred arrangement is formed at pressures exceeding 8.0 GPa [86] .
Chalcogens, halogens and noble gases
Typical molecular solids like chalcogens and halogens show complex and sometimes even modulated [87] atomic patterns in the regime of the transition towards metallic high-pressure phases. Generally, there is a constant increase of CN upon changing from low-coordinated semiconductors -sulphur and selenium showing a large variety of allotropes already at ambient pressure -with highly anisotropic (heterodesmic) bonding towards 3D-connected solid state arrangements [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] , e.g., that of non-centrosymmetric Te-II (Fig. 13) . Recent single crystal diffraction data of Te-III evidence incommensurate satellite peaks additional to the main reflections of the body-centred monoclinic arrangement [44] . The transitions in this group of elements are finalized by a b-Po (6 þ 2 coordination) to bcc transition for selenium (140 GPa [101] ) as well as tellurium [102] . Similarly, a step-wise transition from a molecular solid [103] towards a cubic close-packed fcc phase (Fig. 14) is observed for iodine at pressures between ambient and 55 GPa [104] [105] [106] . Finally, in the noble gas xenon the transformation from hcp to fcc between 70 GPa and 90 GPa precedes the onset of an insulator-metal transition at 150 GPa as evidenced by optical absorption data [107] .
Summary and conclusion
Recent efforts have successfully filled several white spots on the map of atomic patterns in metallic modifications of main group elements. The rich diversity of arrangements which was discovered at ambient and at high pressures has revealed that the behaviour of main group metals is far from being simple. The structural properties of alkali and alkaline-earth metals are governed over a wide range of reduced volumes by the pressure-driven electronic s-d transition. This change induces the formation of low-symmetry arrangements with decreased and partially unusual coordination numbers, e.g., in Rb, Cs and Ba. The reason for the complexity of these atomic arrangements is simply that higher symmetric atomic patterns with these coordination numbers do probably not exist; at least they do not have been discovered by now. For those structural alterations which were investigated by theoretical methods, the results of band structure calculations evidence an onset of directional bonding paralleling the electronic change. The repeated realization of atomic patterns which were previously observed in intermetallic compounds signalizes a crystallographic diversification of metal atoms which is so-far only rudimentary understood and clearly deserves further investigations by more sophisticated theoretical methods.
The high-pressure properties of the triels, gallium and indium, are largely dominated by the pronounced stability of the unique crystal structure of indium (4 þ 8 coordination) which originates from the tendency of both elements to increase the sp-mixing (hybridization) of the valence orbitals by means of a lattice distortion.
The group 14 elements silicon and germanium with CN 4 at ambient conditions exhibit a steady increase of coordination number with rising pressures as predicted by the pressure homology rule. Consequently, at very highpressures close-packed arrangements with CN 12 are formed.
The remarkable finding of isotypic high-pressure phases for Si-VI and Cs-V with CN (10,11) seems surprising at first glance, but is crystal chemically absolutely consistent since for both elements the orthorhombic Cmca arrangement is situated between phases with CN 8 (hp and thorium-atom partial structure of ThSi 2 , respectively) and CN 12 for the high-pressure close-packed arrangements (fcc and dhcp, respectively). Moreover, the preceding atomic patterns with CN 8 are topologically equivalent (Fig. 15 ) since both crystal structures are formed by columns of condensed trigonal prisms which are arranged in parallel rods (Si-VI) or oriented in an alternating fashion along the a-or the b-axis (Cs-IV), respectively.
A remarkable feature in the high-pressure crystal chemistry of the heavy group 15 elements As, Sb and Bi is the occurence of an incommensurately modulated phase with an average CN of 9 and 10 for host and guest atoms, respectively, which is situated between the lowpressure allotropes with CN % 6 and the high-pressure bcc modifications with CN 8 þ 6. As for the alkali metals, the reason for the complexity of the atomic arrangement is that a more simple structure with a similar coordination does obviously not exist. For the commensurate approximation of the Sb-II arrangement, the rather unexpected structural segregation of antimony atoms is not accompanied by significant electronic differences of the different species according to the results of band structure calculations.
The progress in both diffraction techniques and theoretical methods has quantitatively expanded and qualitatively deepened our knowledge concerning the high-pressure properties of metallic modifications of chemical elements. Moreover, the determination of more complicated atomic patterns has not only filled some hitherto unexplored white spots on the map of crystal structures, but also substantiated deviations from general systematic trends due to electronic alterations at reduced volumes for alkali and alkaline-earth metals. The observation of a crystal-chemical differentiation of physically identical atoms in several complex high-pressure modifications has encouraged renewed interest in the properties of compressed binary alloys [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] . Future work will show if the more detailed and essentially deepened working knowledge of atomic arrangements at high pressures will turn into a tool for tailoring new compounds with novel properties and shed light on the interplay of variations caused by tuning the state variables pressure and composition simultaneously.
Crystal chemical glossary Face-centred cubic (Li-II) Space group Fm 3 3m, atoms at 4a (0, 0, 0). Li at P ¼ 7.5 GPa: a ¼ 392.6 pm [8] .
Rhombohedral lithium (Li-III) Space group R 3 3m, hexagonal setting: Li at 3a (0, 0, 0), a ¼ 240.23 pm, c ¼ 551.592 pm; rhombohedral setting: a ¼ 230.31 pm, a ¼ 62. 87 , Li at 1a (0, 0, 0) [6] .
Cubic lithium (Li-IV) P ¼ 38.9 GPa: Space group I 4 43d, atoms on 16c (x, x, x) with x ¼ 0.055, a ¼ 527.16 pm [6] .
Rb-IV Average structure at P ¼ 16.9 GPa (as evidenced by the different lattice parameters, the pressure measurement shows obviously a minor, but in this case substantial deviation from that of the second independent investigation of the modulated phase, see below): Space group I4/mcm, a h ¼ 1035. [32] .
Si-II at P ¼ 11.7 GPa: a ¼ 466.5(1) pm, c ¼ 256.5(3) pm, c/a ¼ 0.55 [53] .
Sr-V Host at P ¼ 56 GPa: Space group I4/mcm, atoms at 8h
Guest: C4/mmm, atoms at (0, 0, 0), P ¼ 56 GPa: a g ¼ 696.1(3), c g ¼ 282.0(1) pm) [33] . Table 1 . Positional parameters of Rb-III as refined using single crystal data measured at P ¼ 14.3 GPa [13] . R8-Si (Si-XII) P ¼ 8.2 GPa: space group R 3 3 with a ¼ 560.9(3) pm, a ¼ 110.07 (3) and atoms on 2c (x, x, x), x ¼ 0.2921 (8) as well as 6f (x, y, z) with x ¼ 0.4580 (8) , y ¼ 0.9631 (7) and z ¼ 0.2645 (6) [58] . Se-IV P ¼ 34.9 GPa: same structure as Te-II and Se-III, but orthorhombic A-centred unit cell with a ¼ 401.9(2) pm, b ¼ 606.2(4) pm and c ¼ 258.7(1)pm [97] . [105] .
P ¼ 49 GPa: I4/mmm, a ¼ 293 pm, c ¼ 455 pm, atoms on 2a (0, 0, 0) [104] .
P ¼ 64 GPa: Fcc with a ¼ 300(2) pm [104] .
Overview of the high-pressure phases of main group elements. Numbers in brackets indicate coordination (e.g. 8+6) or coordination number, the pressures indicate the transition condition. 
